Weyl points are robust point degeneracies in the band structure of a periodic material, which act as monopoles of Berry curvature [1]. They have been at the forefront of research in threedimensional topological materials (whether photonic [2][3][4][5], electronic [6] [7] [8] [9] [10] [11] [12] [13] or otherwise) as they are associated with novel behavior both in the bulk and on the surface. Here, we present the experimental observation of a charge-2 photonic Weyl point in a low-index-contrast photonic crystal fabricated by two-photon polymerization. The reflection spectrum obtained via Fourier-transform infrared (FTIR) spectroscopy closely matches simulations and shows two bands with quadratic dispersion around a point degeneracy. This work provides a launching point towards all-dielectric, low-contrast three-dimensional photonic topological devices.
Over the past decade, topological materials have been studied extensively in the hopes of harnessing properties such as protection from defects and scatter-free transport. The simplest topological systems in three dimensions are Weyl materials, which possess a set of point degeneracies in momentum space that act as sources of Berry curvature [1] , and are thus topologically protected against perturbations to the system. In this sense, Weyl points are analogous to magnetic monopoles in momentum space and are associated with a quantized topological charge. A direct consequence of their non-zero charge is that perturbations that preserve periodicity cannot cause a gap to open at the Weyl point but merely move it around in the band structure. Moreover, these materials exhibit remarkable surface states that lie on Fermi arcs connecting Weyl points of opposite charges. The necessary conditions for the existence of Weyl points are very general and only require breaking either inversion symmetry, time-reversal symmetry or both. Since this can happen in a wide range of systems, Weyl points have been shown to exist in solids [6] [7] [8] [9] [10] [11] [12] [13] , microwave [14, 15] and optical photonic crystals (PhC) [3] , optical waveguide arrays [4, 5] , circuit-based systems [16] , mechanical crystals [17] , phononic crystals [18, 19] , metamaterials [20] , magnetized plasmas [21] and can also be realized using synthetic dimensions [22] .
If a Weyl material has additional spatial symmetries, it is possible for multiple Weyl points of the same charge and between the same two bands to accumulate at high symmetry points in the Brillouin zone leading to Weyl points with a higher topological charge [23, 24] . For example, a parity-breaking chiral woodpile PhC made of stacked layers of dielectric rods (n = 3.4) has been predicted to have a charge-2 Weyl point at Γ that forms due to the presence of a screw symmetry [25] . While other studies report findings of higher-charged Weyl points, * These authors contributed equally to this work their implementations are limited to macroscopic metallic PhCs that work in microwave frequencies [26] and acoustic structures [27] .
In this letter, we report the experimental observation of a charge-2 Weyl point in the mid-infrared regime in a low index (n = 1.52) chiral woodpile PhC fabricated by two-photon polymerization and characterized using angle-resolved Fourier-transform infrared (FTIR) spectroscopy. For such a low index-contrast, there is only an incomplete bandgap surrounding the Weyl point. Nevertheless, we show that this is sufficient to directly observe the Weyl point in the reflection spectrum of the PhC. The prospect of lowering the index contrast requirements for topological photonic structures is of importance since it can allow for readily accessible fabrication techniques such as colloidal self-assembly and the two-photon polymerization method used here as well as wider material choices.
The specific PhC we use to realize a charge-2 Weyl point is a chiral woodpile, whose 3D unit cell consists of four layers of rectangular rods stacked on top of each other with a relative 45 • in-plane rotation as shown in Fig. 1 (a) . The width and height of the rods is 0.175a and 0.25a respectively, where a is the lattice constant in all three directions. The spacing between the rods in the 45 • and 135 • layers is a/ √ 2. Using these parameters, the band structure of our PhC is numerically calculated using MPB [28] , and bands 3 to 10 along Y−Γ−X are shown in Fig. 1 (b) . The degeneracy at Γ between bands 4 and 5 is the Weyl point of interest. These bands along Γ−Z direction in the Brillouin zone are very close in frequency but convergence tests show that the degeneracy only occurs at the Γ point. To confirm the topological nature of this degeneracy, we directly calculate its topological charge (Chern number) by using a discrete algorithm to compute the Berry phase given in Ref. [29] . The phase is calculated using magnetic field eigenmodes from MPB on For the experiment, we fabricate the chiral woodpile PhC by 3D lithography (direct laser writing, DLW [30] ) using a DLW instrument (Photonic Professional GT, Nanoscribe GmbH), which employs two-photonpolymerization of a liquid negative tone photoresist (IP-DIP, Nanoscribe GmbH) (n = 1.52). Here, we use DLW in dip-in configuration [31] , where the microscope objective (63x, NA=1.4) for DLW is dipped into the photoresist applied below the fused-silica substrate. The 3D structure is then written layer by layer starting from the bottom surface of the substrate by moving the microscope objective in z-direction. The structure is developed in propylene glycol monomethyl ether acetate (PG-MEA) for 20 minutes and then developed in isopropanol for 3 minutes. The thickness of the rods was controlled by varying number of superpositions of individual laser writing for each rod [32] . The sample has a lattice constant of 4 µm and rod width and height equal to 700 nm and 1 µm respectively. We fabricate 20 unit cells in the z-direction (80 layers) and 250 unit cells in each of the x and y directions. An image of one such sample taken by field emission scanning electron microscopy (FESEM) is shown in Fig. 2 .
Reflection measurements are carried out using the Bruker Vertex 80 FTIR spectrometer at wavelengths ranging from 4.2−6 µm with the frequency resolution set to 8 cm −1 . A variable angle reflection accessory (Seagull) is used to observe the angle-resolved spectra from 0 • to 15 • along the Γ−X direction with a resolution of 1 • . The data for −15 • to 0 • is identical to the data for the corresponding positive angles since the structure is invariant under 180 • rotational symmetry about the z-axis and hence we only measure data for positive angle and reflect it for negative angles. A polarizer is used at the output port to obtain spectra for 0 • (s-), 45 • and 90 • (p-) polarizations. The spectrum is normalized to the maximum reflection value for each angle and interpolated. The results from the experiment are shown in Fig. 3 (a) , (b) and (c). We also numerically simulate the reflection spectrum using rigorous coupled-wave analysis (RCWA) as implemented in S 4 [33] where periodic boundary conditions are imposed in the lateral directions and the structure is finite in the z direction having 20 unit cells. The simulation results are shown in Fig. 3 (d) , (e) and (f) for comparison. As can be seen, the simulated and experimentally obtained spectra match very well and show sharp quadratic boundaries separating reflective and transmissive regions that match each of the two relevant bulk Weyl bands in orthogonal polarizations. As expected, the measurement for 45 • polarization is a superposition of measurements for s-and p-polarizations and shows When probing reflection through the chiral woodpile, we make the assumption that the sample is effectively infinite in the x and y directions (parallel to the surface) and truncated in the z-direction; we thus examine the projected band structure, since k z is no longer conserved (but k x and k y still are). As such, the projected band structure consists of states with both k z = 0 and k z = 0 projected onto the (k x , k y ) plane. Thus, even though the Weyl point exists in an incomplete band gap in the 3D Brillouin zone of our chiral woodpile PhC, in the projected band structure there are states from other bands which are now degenerate with the Weyl point in frequency and with the same k x and k y , and one may expect that these overlapping states would obscure the signature of the Weyl point in the reflection spectrum. However, the agreement we observe between the 3D band structure calculations ( Fig. 1 (b) and dashed lines in Fig.  3 ) and the reflection spectrum ( Fig. 3 ) suggests that this measurement is relatively insensitive to these overlapping states. To further explore this feature in our results, we calculate the modal overlaps between s-and p-polarized plane waves and the Bloch modes of the PhC. Two parameters are defined using these modal overlaps which measure the polarization of the Bloch modes and the overall in-coupling of an arbitrarily polarized plane wave [34] [35] [36] [37] . These parameters indicate that the modes with k z = 0 in the projected band structure, that would have otherwise obscured the observation of the Weyl point, either have a polarization mismatch with the incident light and/or have inefficient mode in-coupling. This leads to the observed features in the reflection spectrum wherein the boundaries of highly reflecting regions correspond to the k z = 0 Weyl bands (see supplementary material for a detailed analysis). More generally, this analysis can be useful for any low contrast PhCs where the projected band structure is insufficient to infer the origins of spectral features from the band structure.
To summarize, we have presented the observation of a charge-2 Weyl point in a 3D PhC in the mid-infrared regime. The fact that we have used a relatively low refractive index polymer opens the door to exploring 3D topological phenomena in the IR and into optical frequencies, where very high-index, low-loss materials may not be available or amenable to 3D device fabrication. It will be of interest in the future to explore topological surface phenomena, such as Fermi arcs, in 3D PhCs; these will have fundamentally different properties than their solid-state counterparts because of radiative loss, which will give rise to non-Hermitian effects on the surface. The full 3D band structure for the chiral woodpile structure discussed in the main text is plotted in Fig. S1 The two bands that make up the Weyl point are well-separated in frequency along the Y − Γ − X directions but seem to be almost degenerate along Γ − Z. We perform convergence tests in MPB that confirm that the degeneracy only occurs at the Γ point. We also note that the structure has a charge −2 Weyl point at R which is harder to access since it lies below the light line.
FIG. S1. 3D band structure of the chiral woodpile PhC. The following parameters were used in band structure calculations: refractive index of dielectric rods n = 1.52, rod width w = 0.175a and rod height h = 0.25a, where a is the lattice constant. The inset contains the bands in the vicinity of Γ. The charge-2 Weyl point is marked with a blue circle.
As discussed in the main text, we have numerically calculated the topological charge (Chern number) associated with the Weyl point at Γ of the chiral woodpile PhC. Here we describe that algorithm, following Ref. [1] . Consider a closed contour C in momentum (k) space discretized into N points (k 1 , ..., k N−1 ) such that k N = k 1 . The total phase acquired by a state undergoing adiabatic transport along this loop is numerically calculated by and the inner product between two such eigenmodes is defined as
This phase is calculated on circular contours that lie on constant k z planes as shown in Fig. S2 (b) . The topological charge of the Weyl point is the number of times the Berry phase winds as a function of k z . 
COUPLING COEFFICIENTS BETWEEN INCIDENT PLANE WAVES AND PHC BLOCH MODES
To understand the relationship between the observed spectral features and the bulk bands, we calculate coefficients that measure the polarization of Bloch modes. For this, we consider plane waves with s-and p-polarizations incident along the Γ − X direction on the PhC-air interface and define the polarization coupling coefficients C s and C p and mode coupling index κ [3] [4] [5] [6] η p,k,n = ŷ · H k,n (x, y, z)dxdydz
η s,k,n = (cos θx − sin θẑ) · H k,n (x, y, z)dxdydz 2 V |H k,n (x, y, z)| 2 dxdydz (2) κ = η s,k,n + η p,k,n ; C s/p = η s/p,k,n κ
where H k,n (x, y, z) is the magnetic field eigenmode of the PhC with momentum k and band index n, θ is the angle of incidence along Γ − X and all integrals are calculated over a unit cell. κ goes from 0 to 1 and measures the strength of coupling to a plane wave of any arbitrary polarization while C s and C p measure the overlap between sand p-polarized plane waves and the Bloch modes. Large reflection for a certain range of angles and frequencies in the absence of band gaps can then be thought of as either a polarization mismatch between the incident wave and the Bloch mode, indicated by small C s/p , and/or inefficient mode in-coupling, indicated by small κ.
In Fig. S3 , we analyze a slice of the reflection spectrum that corresponds to Bloch modes with momenta k = (0.1, 0, k z ) 2π/a. As previously stated, the band structure weighted by the coupling coefficients shows that there are wavelength ranges where the states are nearly completely s-or p-polarized and/or have small mode coupling index. We particularly point out the wavelength ranges ∼ 4.65 − 4.8 µm in Fig. S3 (c) and ∼ 5.0 − 5.15 µm in Fig.  S3 (f) which coincide with the sharp increases in reflection. Moreover, the boundary separating the reflecting and transmissive region coincides with band 4 at k z = 0 in s-polarization and band 5 at k z = 0 in p-polarization plots, which are the Weyl bulk bands of interest. Thus the signatures of both bands and the Weyl point are present in simulations and measurements done with 45 • polarization.
